Introduction {#s0001}
============

Due to the development and improvement of surgery, radiotherapy, chemotherapy and comprehensive treatments, the curative effect on treating early-stage esophageal squamous cell carcinoma (ESCC) has made great progress, but the curative effect of ESCC in the middle and advanced stages is still unsatisfactory.[@cit0001],[@cit0002] The poor prognosis of patients with mid-advanced ESCC has been directly attributed to tumor invasion and metastasis.[@cit0001],[@cit0002] Therefore, it is of great clinical significance to investigate the mechanism of ESCC invasion and metastasis, and to seek new biomarkers for diagnosis and prognosis and new therapeutic targets for ESCC.

In recent years, with the in-depth study of gene expression modulation, especially in the field of epigenetics, long non-coding RNAs (lncRNAs) have been found to be important and even decisive factors in ESCC occurrence and development.[@cit0003] For example, lncRNA taurine up-modulated gene 1 (TUG1) accelerates ESCC cell proliferation and invasion via miR-498.[@cit0004] Similarly, lncRNA DLX6 antisense RNA 1 (DLX6-AS1) accelerates ESCC cell growth and tumor metastasis.[@cit0005] MAFG antisense 1 (MAFG-AS1, Aliases: MAFG divergent transcript, MAFG-DT) is a newly discovered lncRNA, and a series of recent studies have demonstrated that MAFG-AS1 can accelerate cancer cell proliferation and invasion in hepatocellular carcinoma, breast cancer and colorectal cancer.[@cit0006],[@cit0007] However, the function and related mechanism of lncRNA MAFG-AS1 has not been systematically studied in ESCC. Importantly, we here provided strong evidences to support the tumor-promotive role of MAFG-AS1 in ESCC progression.

Normal cells mainly obtain energy via mitochondrial oxidation pathway, but most tumor cells still preferentially obtain energy via glycolysis pathway even under the condition of sufficient oxygen, which is called aerobic glycolysis or Warburg Effect.[@cit0008] Moreover, increasing data have revealed that lncRNAs affect tumor invasion and metastasis via modulating aerobic glycolysis process.[@cit0009] However, there have been no reports on the correlation between MAFG-AS1 and aerobic glycolysis. Interestingly, we here provided strong evidences to support the correlation between MAFG-AS1 and aerobic glycolysis in ESCC.

At present, the study focus of lncRNAs is on the unique function of "molecular sponge".[@cit0010],[@cit0011] LncRNAs can specifically bind to the corresponding miRNAs, thus functioning as "molecular sponges" to influence the modulation of miRNAs on their target genes in ESCC.[@cit0003],[@cit0012] For instance, lncRNA prostate cancer associated transcript 1 (PCAT-1) accelerated ESCC progression via adsorbing miR-508-3p.[@cit0012] lncRNA TTN antisense RNA 1 (TTN-AS1) induces fascin homolog 1 (*FSCN1*) expression via sponging miR-133b, which further accelerates ESCC invasion and metastasis.[@cit0013] However, it is not clear which miRNA can be anchored via MAFG-AS1.

MiR-765 is believed to function as a tumor accelerator or suppressor gene in a variety of malignant tumors. For example, miR-765 was highly expressed in osteosarcoma (OS) tissues, and up-modulation of miR-765 accelerated OS cell proliferation, migration and invasion,[@cit0014] whereas miR-765 restrained cell proliferation, invasion and metastasis in clear cell renal cell carcinoma via down-modulating proteolipid protein 2 (*PLP2*).[@cit0015] Moreover, a previous study demonstrated that ectopic expression of lncRNA Linc00511 accelerated OS cell proliferation, colony formation and migration via down-modulation of miR-765,[@cit0016] but so far the particular role and mechanism of miR-765 in ESCC has not been reported, and how MAFG-AS1 modulates expression and function of miR-765 still needs further systematic study. Here, we demonstrated that miR-765 played a tumor-repressive role, and was negatively modulated by MAFG-AS1 in ESCC.

In short, the researches on the role of lncRNAs in ESCC and how lncRNAs modulate the occurrence and development of ESCC are still in their preliminary stages. The current study examined the expression of a novel lncRNA MAFG-AS1 in ESCC tissues and cell lines, and then further investigated the effects of MAFG-AS1 on the proliferation, migration, invasion and aerobic glycolysis of ESCC cells via modulating miR-765/PDX1 axis. We confirmed here that miR-765 plays a tumor-repressive role in ESCC cells. More importantly, we supposed that MAFG-AS1 can specifically bind to miR-765, thus functioning as "molecular sponges" to influence the modulation of miR-765 on its downstream target gene *PDX1*. The current study provides experimental basis and theoretical support for seeking new biomarkers for early diagnosis and prognosis, and new therapeutic targets for ESCC.

Materials and Methods {#s0002}
=====================

Clinical Tissue Specimens {#s0002-s2001}
-------------------------

The current study was approved by the Medical Ethics Committee of Taizhou University Hospital. Forty paired ESCC and their paired paracancerous nontumor tissues were collected from surgical tumor resections performed at Taizhou University Hospital (Taizhou, Zhejiang, China). All ESCC patients signed the written informed consent. Tissues were snap-frozen in liquid nitrogen and stored at −80°C for subsequent analysis.

Cell Culture and Transfection {#s0002-s2002}
-----------------------------

Human ESCC cell lines (EC9706, EC109, KYSE30 and KYSE150) and a human esophageal epithelial cell line (Het-1A) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). These cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS), 10,000 units/mL of penicillin and 10,000 g/mL of streptomycin. The culture conditions were 37°C and 5% CO~2~. Cells were harvested during logarithmic growth phase, and seeded in 6-well plates at 1×10^5^ cells/well. The transfection products, including si-MAFG-AS1 (5′-GGGCAAUUCCAACCAAGAAAC-3′), si-NC (negative control siRNA; 5′-AAUUCUCCGAACGUGUCUCGUGU-3′),[@cit0006] miR-765 mimics and control mimics were all synthesized by GenePharma (Shanghai, China). EC109 and EC9706 cells were transfected with 100 ng of the vector or 50 nM of the indicated oligonucleotide by Lipofectamine™ 2000 (Invitrogen, CA, USA). For overexpression, MAFG-AS1 was cloned into mammalian expression vector pcDNA3.1 (Invitrogen, CA, USA) to construct overexpressing plasmid p-MAFG-AS1. Vector pcDNA3.1 was used as a vector control. After 48 h of transfection, cells were used for the next detection.

Expressions of MAFG-AS1, miR-765 and PDX1 Detected via qRT-PCR {#s0002-s2003}
--------------------------------------------------------------

The transient transfection efficiencies of ESCC cells after 48 h were detected. Total RNA of ESCC cells and tissues was extracted with TRIzol reagent (Invitrogen, CA, USA), and then the first-strand cDNA was synthesized using the PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). qRT-PCR was performed using the SYBR Green qPCR Kit (Thermo Scientific, Waltham, MA, USA) with the 7500 Fast Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc). The relative quantification of genes was carried out via the 2^−ΔΔCt^ method and normalized to the internal control GAPDH or U6. The sequences of all primers used in this experiment are listed in [Table 1](#t0001){ref-type="table"}, and the RNA expression levels were analyzed as described previously.[@cit0006],[@cit0017],[@cit0018]Table 1qRT-PCR Primer SequencesNamePrimer SequenceMAFG-AS1Forward: 5′-ATGACGACCCCCAATAAAGGA-3′\
Reverse: 5′-CACCGACATGGTTACCAGC-3′miR-765Forward: 5′-GUAGCCAAGGAATCCGAAGGA-3′\
Reverse: 5′-GCGAGGAAGGAGGAGGAAGGT-3′PDX1Forward: 5′-ATCTCCCCATACGAAGTGCC-3′\
Reverse: 5′-CGTGAGCTTTGGTGGATTTCAT-3′GAPDHForward: 5′-GCACCGTCAAGGCTGAGAAC-3′\
Reverse: 5′-GCCTTCTCCATGGTGGTGAA-3′U6Forward: 5′-GCTTCGGCAGCACATATACTAAAAT-3′\
Reverse: 5′-CGCTTCACGAATTTGCGTGTCAT-3′[^2]

Expressions of PDX1, LDH-A and GLUT1 Detected via Western Blotting Analysis {#s0002-s2004}
---------------------------------------------------------------------------

Cells were collected and lysed using RIPA Lysis Buffer (Beyotime, Wuxi, China) supplemented with a protease inhibitor cocktail and phenylmethylsulfonyl fluoride (Roche, Pleasanton, CA, USA). The protein concentration was determined using a Bradford Protein Assay Kit (Beyotime, Wuxi, China). Approximately 50 µg of protein extract was separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, transferred to polyvinylidene fluoride (PVDF) membranes (Merck KGaA, Darmstadt, Germany) and incubated with specific antibodies. The primary antibodies against PDX1 (1:1000, catalog no.ab ab47267; Abcam, Cambridge, MA, USA), LDH-A (1:1000, catalog no.ab125683; Abcam, Cambridge, MA, USA) and GLUT1 (1:1000, catalog no.ab15309; Abcam, Cambridge, MA, USA) were used. Following extensive washing, membranes were incubated with a horseradish peroxidase-conjugated goat polyclonal anti-rabbit IgG secondary antibody (1:2000, catalog no.7074; Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature. Immunoreactivity was detected by enhanced a chemiluminescence system kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and visualized using a LAS-4000 imaging system (Fujifilm Holdings Corporation, Tokyo, Japan). GAPDH (1:1000, catalog no.ab181602; Abcam, Cambridge, MA, USA) served as a loading control.

Cell Proliferation Detected via CCK-8 Assay {#s0002-s2005}
-------------------------------------------

After transfection, ESCC cell viability was assessed with the Cell Counting Kit-8 (CCK-8) kit (Abcam, Cambridge, MA, USA). In brief, ESCC cells were harvested at logarithmic growth phase, and seeded in a 96-well plate at 1×10^4^ cells/well; 100 μL RPMI 1640 medium was added to the cells, and three parallel controls were set up in each group. Cells were transfected with si-MAFG-AS1, si-NC, p-MAFG-AS1 or vector control, respectively. 10 μL of CCK-8 solution was added to the cells, and then incubated in the incubator for 2 h before detection of the optical density OD at 450 nm. All operations were performed in accordance with the instructions of the CCK-8 detection kit.

Cell Migration and Invasion Detected via Transwell Assay {#s0002-s2006}
--------------------------------------------------------

For transwell migration assay, ESCC cells were collected at logarithmic growth stage, and the cell density was adjusted to 2×10^5^ cells/mL with RPMI 1640 medium supplemented with 1% FBS; 250 μL of cell suspension was added into the upper transwell insert chamber (Corning, USA), and 500 μL of RPMI 1640 medium containing 15% FBS was added into the lower chamber. After 24 h of incubation, cells in the upper chamber which did not migrate were removed with cotton swabs. Cells on the bottom side were stained with DAPI (0.5 μg/mL) for 5 min after methanol fixation. Then, stained cells were observed and photographed with a fluorescence microscope (Eclipse 80i; Nikon Corporation, Tokyo, Japan). The cells were counted in 5 random fields, and the average number was taken.

For transwell invasion assay, Matrigel was placed in the upper insert chamber and hydrated at room temperature for 30 min. The cell density was adjusted to 4×10^5^ cells/mL with RPMI 1640 containing 1% FBS. After 24 h of incubation, the invasion cells were fixed and stained with 400 μL cell dye (0.1% crystal violet) for 30 min. Then the membrane at the bottom of the upper chamber which contained the stained invasion cells was completely cut off, and the membrane was lysed with 200 μL of lysis reagent (33% acetic acid). Finally, 100 μL of lysate was taken to a 96-well plate, and the absorbance value was measured at 560 nm with a microplate reader (550; Bio-Rad, USA).

Glucose Uptake and Lactate Production Detected via Glycolysis Assay {#s0002-s2007}
-------------------------------------------------------------------

ESCC cells were inoculated into 6-well plates with 2×10^5^ cells/well, and the culture supernatants were collected after 24 h of conventional culture. The concentrations of glucose and lactate in the culture supernatant of ESCC cells were detected with glucose uptake and lactate production assay kits (Nanjing Jiancheng Biology Company, China) strictly according to the instruction of the manufacturer.

Pull-Down Assay with Biotinylated miR-765 {#s0002-s2008}
-----------------------------------------

48 hours after transfection with biotin-labeled wild type miR-765 (Bio-miR-765-WT), mutated miR-765 (Bio-miR-765-MUT) or antagonistic miR-765 probe (GenePharma, Shanghai, China), EC109 cells were collected and lysed in specific lysis buffer (Ambion, Austin, TX, USA) for 10 min, and then mixed with Dynabeads M-280 Streptavidin (Sigma-Aldrich, St. Louis, MO, USA) for 3 hours at 4°C. TRIzol reagent (Invitrogen, CA, USA) was used to elute and purify the interacted RNA complex, and qRT-PCR was used to detect the expression level of MAFG-AS1.

Interaction Between miR-765 and MAFG-AS1/PDX1 Verified via Double Luciferase Reporter Gene Assay {#s0002-s2009}
------------------------------------------------------------------------------------------------

The interactions between MAFG-AS1 and miR-765 or PDX1 were predicted by TargetScan ([<http://www.targetscan.org/>]{.ul}) and miRDB ([<http://mirdb.org/>]{.ul}), respectively. The partial sequences of MAFG-AS1 or PDX1 3′-untranslated region (UTR), which contains the putative miR-765-binding site, were amplified via PCR and constructed into the pmirGLO Luciferase vector (Promega, Madison, WI, USA) to generate wild-type MAFG-AS1 reporter (MAFG-AS1-WT) or PDX1 reporter (PDX1-WT). The GeneArt™ Site-Directed Mutagenesis System (Thermo Scientific, Waltham, MA, USA) was used to produce mutant-type MAFG-AS1 (miR-765 target site-mutation MAFG-AS1, MAFG-AS1-MUT) reporter or mutant-type PDX1 (miR-765 target site-mutation PDX1 3′UTR, PDX1-MUT) reporter. All constructs were verified via DNA sequencing. Subsequently, the luciferase reporter and miR-765 mimic or control mimic were co-transfected into ESCC cells. After 48 h of transfection, luciferase activity was detected using a dual-luciferase reporter assay system (Promega, Madison, WI, USA) following the manufacturer's instructions, and the fluorescence value of the vector itself was used as the internal control.

Statistical Analysis {#s0002-s2010}
--------------------

SPSS 18.0 software (IBM, New York, USA) was used for statistical analysis. All data statistics were expressed by mean ± standard deviation (SD). Pairwise comparison was performed using two sample means *t* test. A Kaplan--Meier curve was plotted for survival analysis, and the difference between the two groups was compared using a Log rank test. Spearman correlation analysis was used to determine the correlations between the expression levels of MAFG-AS1, miR-765 and PDX1 in ESCC tissues. The difference was considered statistically significant at P\<0.05.

Results {#s0003}
=======

MAFG-AS1 Expression is Elevated in ESCC Tissues and Cell Lines {#s0003-s2001}
--------------------------------------------------------------

To investigate the role of MAFG-AS1 in ESCC progression, we first examined the expression of MAFG-AS1 in ESCC and matched adjacent nontumor tissues, and found that the expression of MAFG-AS1 in ESCC was significantly higher than that in matched adjacent nontumor tissues ([Figure 1A](#f0001){ref-type="fig"}; *P*\<0.01). At the same time, qRT-PCR assay demonstrated that the expression of MAFG-AS1 in ESCC cell lines EC9706, EC109, KYSE30 and KYSE150 was significantly higher than that in the human normal esophageal epithelial cell line Het-1A ([Figure 1B](#f0001){ref-type="fig"}; *P*\<0.01). Furthermore, high expression of MAFG-AS1 predicted an unfavourable prognosis ([Figure 1C](#f0001){ref-type="fig"}; P\<0.05). These results suggested that the abnormal elevated expression of MAFG-AS1 might be closely related to the malignant biological behavior of ESCC.Figure 1Expression of MAFG-AS1 in ESCC tissues and cell lines. (**A**) MAFG-AS1 expression in ESCC tissues and matched adjacent nontumor tissues. (**B**) MAFG-AS1 expression in ESCC cell lines and normal esophageal epithelial cell line Het-1A. (**C**) Overall survival of ESCC patients with high or low expression level of MAFG-AS1 was analyzed by Kaplan--Meier analysis. Compared with the control group,\*\* *P*\<0.01.**Abbreviations:** MAFG-AS1, MAFG antisense 1; ESCC, esophageal squamous cell carcinoma.

MAFG-AS1 Modulates ESCC Cell Proliferation {#s0003-s2002}
------------------------------------------

qRT-PCR assay demonstrated that, compared with the control groups, transfection of si-MAFG-AS1 significantly reduced MAFG-AS1 expression in EC109 cells ([Figure 2A](#f0002){ref-type="fig"}; *P*\<0.01), which expressed relatively high endogenous MAFG-AS1 ([Figure 1B](#f0001){ref-type="fig"}). CCK-8 assay demonstrated that MAFG-AS1 knockdown significantly restrained the cell proliferation of EC109 ([Figure 2C](#f0002){ref-type="fig"}; *P*\<0.05) cells. The above results indicated that knockdown of MAFG-AS1 could restrain the ESCC cell proliferation.Figure 2Effects of MAFG-AS1 knockdown or overexpression on ESCC cell proliferation. (**A, B**) qRT-PCR was used to detect changes in the expression of MAFG-AS1 in EC109 and EC9706 cells. (**C, D**) CCK-8 assay was used to detect cell proliferation in EC109 and EC9706 cells. Compared with blank control, \* *P*\<0.05, \*\* *P*\<0.01.**Abbreviations:** MAFG-AS1, MAFG antisense 1; qRT-PCR, quantitative real-time PCR; CCK-8, cell counting kit-8.

Moreover, qRT-PCR assay demonstrated that, compared with the control groups, transfection of p-MAFG-AS1 significantly elevated MAFG-AS1 expression in EC9706 cells ([Figure 2B](#f0002){ref-type="fig"}; *P*\<0.01), which expressed relatively low endogenous MAFG-AS1 ([Figure 1B](#f0001){ref-type="fig"}). CCK-8 assay demonstrated that MAFG-AS1 overexpression significantly accelerated the cell proliferation of EC9706 cells ([Figure 2D](#f0002){ref-type="fig"}; *P*\<0.05). The above results indicated that overexpression of MAFG-AS1 could accelerate the ESCC cell proliferation.

MAFG-AS1 Knockdown Restrains EC109 Cell Migration, Invasion and Glycolysis {#s0003-s2003}
--------------------------------------------------------------------------

In order to find out the role of MAFG-AS1 on cell migration, invasion and glycolysis, we measured the cell migration and invasion via transwell assay, and detected the glucose uptake and lactate production levels via glycolysis assay in EC109 cells. The results of transwell assay without or with Matrigel demonstrated that MAFG-AS1 knockdown via si-MAFG-AS1 significantly restrained the cell migration ([Figure 3A](#f0003){ref-type="fig"} and [B](#f0003){ref-type="fig"}; *P*\<0.01) and invasion ([Figure 3C](#f0003){ref-type="fig"}; *P*\<0.01) of EC109 cells. The results of glycolysis assay demonstrated that after down-modulating MAFG-AS1 expression, the relative levels of glucose uptake ([Figure 3D](#f0003){ref-type="fig"}; *P*\<0.01) and lactate production ([Figure 3E](#f0003){ref-type="fig"}; *P*\<0.01) were both significantly decreased in EC109 cells. Consistently, Western blotting analysis showed that MAFG-AS1 knockdown reduced aerobic two glycolysis-associated proteins, GLUT1 and LDH-A, protein expression in EC109 cells ([Figure 3F](#f0003){ref-type="fig"}). The above results indicated that MAFG-AS1 knockdown could restrain the cell migration, invasion and glycolysis in ESCC cells.Figure 3Effects of MAFG-AS1 knockdown on EC109 cell migration, invasion and glycolysis. (**A**) Transwell assay without Matrigel was used to detect EC109 cell migration. (**B**) The representative graph of cell migration. (**C**) Transwell assay with Matrigel was used to detect EC109 cell invasion. (**D**) Glycolysis assay was used to detect glucose uptake level of EC109 cells. (**E**) Glycolysis assay was used to detect lactate production level of EC109 cells. (**F**) Western blot analysis of PDX1, GLUT1 and LDH-A expression following the transfections in EC109 cells. Lanes 1, Blank control; Lanes 2, si-NC; Lanes 3, si-MAFG-AS1; Lanes 4, miR-765 inhibitor; Lanes 5, si-MAFG-AS1 + miR-765 inhibitor; Lanes 6, Vector control; Lanes 7, p-PDX1; Lanes 8, si-MAFG-AS1 + p-PDX1. Compared with the si-NC group, \* *P*\<0.05, \*\* *P*\<0.01; Compared with the vector control group, ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.01.**Abbreviations:** MAFG-AS1, MAFG antisense 1; PDX1, pancreatic and duodenal homeobox 1; GLUT1, glucose transporter type 1; LDH-A, lactate dehydrogenase-A; si-NC, negative control siRNAs.

MAFG-AS1 Overexpression Accelerates EC9706 Cell Migration, Invasion and Glycolysis {#s0003-s2004}
----------------------------------------------------------------------------------

In order to find out the role of MAFG-AS1 on cell migration, invasion and glycolysis, we measured the cell migration and invasion by transwell assay, and detected the glucose uptake and lactate production levels by glycolysis assay in EC9706 cells. The results of transwell assay without or with Matrigel showed that MAFG-AS1 overexpression by transfecting with p-MAFG-AS1 significantly accelerated the cell migration ([Figure 4A](#f0004){ref-type="fig"} and [B](#f0004){ref-type="fig"}; *P*\<0.01) and invasion ([Figure 4C](#f0004){ref-type="fig"}; *P*\<0.01) of EC9706 cells. The results of glycolysis assay showed that after up-regulating MAFG-AS1 expression, the relative levels of glucose uptake ([Figure 4D](#f0004){ref-type="fig"}; *P*\<0.01) and lactate production ([Figure 4E](#f0004){ref-type="fig"}; *P*\<0.01) were both significantly increased in EC9706 cells. We further detected the protein expression levels of LDHA and GLUT-1 via Western blot. The results showed that LDHA and GLUT1 expression levels were significantly increased in EC9706 cells with MAFG-AS1 overexpression ([Figure 4F](#f0004){ref-type="fig"}). The above results indicated that MAFG-AS1 overexpression could accelerate the cell migration, invasion and glycolysis in ESCC cells.Figure 4Effects of MAFG-AS1 overexpression on EC9706 cell migration, invasion and glycolysis. (**A**) Transwell assay without Matrigel was used to detect EC9706 cell migration. (**B**) The representative graph of cell migration. (**C**) Transwell assay with Matrigel was used to detect EC9706 cell invasion. (**D**) Glycolysis assay was used to detect glucose uptake level of EC9706 cells. (**E**) Glycolysis assay was used to detect lactate production level of EC9706 cells. (**F**) Western blot analysis of PDX1, GLUT1 and LDH-A expression following the transfections in EC9706 cells. Lanes 1, Blank control; Lanes 2, Vector control; Lanes 3, p-MAFG-AS1; Lanes 4, miR-765 mimic; Lanes 5, p-MAFG-AS1 + miR-765 mimic; Lanes 6, si-NC; Lanes 7, si-PDX1; Lanes 8, p-MAFG-AS1 + si-PDX1. Compared with the si-NC group, \*\* *P*\<0.01; Compared with the vector control group, ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.01.**Abbreviations:** MAFG-AS1, MAFG antisense 1; PDX1, pancreatic and duodenal homeobox 1; GLUT1, glucose transporter type 1; LDH-A, lactate dehydrogenase-A; si-NC, negative control siRNAs.

MAFG-AS1 Targets miR-765 in ESCC Cells {#s0003-s2005}
--------------------------------------

The bioinformatics database miRDB ([<http://mirdb.org/>]{.ul}) was used to predict that miR-765 may be a potential target gene of MAFG-AS1 ([Table 2](#t0002){ref-type="table"}), and suggested that miR-765 might share the binding sites with MAFG-AS1 ([Figure 5A](#f0005){ref-type="fig"}). RNA pull-down assay showed that MAFG-AS1 bound biotin-labeled wild type (wt) miR-765 (Bio-miR-765-WT) but not mutated (mt) miR-338-3p (Bio-miR-3924-MT) ([Figure 5B](#f0005){ref-type="fig"}). The results of the double luciferase reporter assay demonstrated that co-transfection of miR-765 mimics and pmirGLO-MAFG-AS1-WT vector (without mutation at the target site) could significantly reduce luciferase activity in EC109 cells ([Figure 5C](#f0005){ref-type="fig"}; *P*\<0.01), while co-transfection of miR-765 mimics and pmirGLO-MAFG-AS1-mut vector (with mutations in the targeting site) did not affect luciferase activity. qRT-PCR was used to detect the expression level of miR-765 in EC109 after MAFG-AS1 knockdown via si-MAFG-AS1, and the results demonstrated that MAFG-AS1 knockdown significantly facilitated miR-765 expression ([Figure 5D](#f0005){ref-type="fig"}; *P*\<0.01). Further, we tested the expression level of miR-765 in ESCC and matched adjacent nontumor tissues, and found that miR-765 was significantly lower expressed in ESCC tissue than that in matched adjacent nontumor tissues ([Figure 5E](#f0005){ref-type="fig"}; *P*\<0.01), and there was a significant negative correlation between MAFG-AS1 and miR-765 expressions in tumor tissue samples ([Figure 5F](#f0005){ref-type="fig"}; r = −0.809, *P*\<0.01).Table 2The Predicted Targets of MAFG-AS1Target RankTarget ScoremiRNA Name191hsa-miR-765290hsa-miR-11181-3p387hsa-miR-3180-3p487hsa-miR-3180586hsa-miR-6816-5p682hsa-miR-7113-5p779hsa-miR-3196878hsa-miR-1182974hsa-miR-4755-3p1074hsa-miR-661 Figure 5MAFG-AS1 targeted modulation of miR-765 expression in ESCC cells. (**A**) Bioinformatics analysis demonstrated a complementary relationship between MAFG-AS1 and miR-765. (**B**) EC109 cells lysate were incubated with biotin-labeled miR-765, qRT-PCR measured MAFG-AS1 expression in the products of pulldown by biotin. (**C**) Luciferase experiments confirmed the interaction between MAFG-AS1 and miR-765. (**D**) Effect of MAFG-AS1 knockdown on miR-765 expression. (**E**) miR-765 expression in ESCC and matched adjacent nontumor tissues. (**F**) The correlation between MAFG-AS1 and miR-765 was analysed by Spearman correlation analysis. Compared with Bio-NC or control mimic, \*\* *P*\<0.01; Compared with si-NC, ^\#\#^ *P*\<0.01; Compared with matched adjacent nontumor tissues, ^ΔΔ^ *P*\<0.01.**Abbreviations:** MAFG-AS1, MAFG antisense 1; qRT-PCR, quantitative real-time PCR; ESCC, esophageal squamous cell carcinoma; Bio-NC, biotin-labeled negative control probe; si-NC, negative control siRNAs.

MiR-765 Targets PDX1 in ESCC Cells {#s0003-s2006}
----------------------------------

Target genes of MiR-765 were predicted via the bioinformatics database miRDB ([<http://mirdb.org/>]{.ul}), *PDX1* was found to be a potential target gene of miR-765 ([Table 3](#t0003){ref-type="table"}), and PDX1 3′UTR might share the binding sites with miR-765 ([Figure 6A](#f0006){ref-type="fig"}). The luciferase reporter gene was subsequently used, and verified that miR-765 could bind to the 3′UTR target sequence of PDX1 ([Figure 6B](#f0006){ref-type="fig"}). The effect of ectopic expression of miR-765 via miR-765 mimic on PDX1 expression was detected via qRT-PCR ([Figure 6C](#f0006){ref-type="fig"}; *P*\<0.01) and Western blot ([Figure 4F](#f0004){ref-type="fig"}), and the results demonstrated that ectopic expression of miR-765 significantly restrained the mRNA and protein expression of PDX1 in EC109 cells, suggesting miR-765 could restrain the expression of PDX1. We also tested the mRNA expression level of PDX1 in ESCC and matched adjacent nontumor tissues, and found that the mRNA expression level of PDX1 in ESCC tissue was significantly higher than that of matched nontumor tissue ([Figure 6D](#f0006){ref-type="fig"}; *P*\<0.01), and there was a significant negative correlation between miR-765 and PDX1 expressions in tumor tissue samples ([Figure 6E](#f0006){ref-type="fig"}; r= −0.784, *P*\<0.01).Table 3The Predicted Targets for miR-765Target RankTarget ScoreGene SymbolGene Description1100*KCND1*Potassium voltage-gated channel subfamily D member 12100*PDX1*Pancreatic and duodenal homeobox 13100*ZNF444*Zinc finger protein 444499*NFIX*Nuclear factor I X599*HOXC4*Homeobox C4699*POU2F2*POU class 2 homeobox 2799*GLG1*Golgi glycoprotein 1899*NOVA2*NOVA alternative splicing regulator 2998*KLK4*Kallikrein related peptidase 41098*PLP2*Proteolipid protein 2 Figure 6miR-765 targeted modulation of PDX1 expression in ESCC cells. (**A**) Bioinformatics analysis demonstrated a complementary relationship between PDX1 3′UTR and miR-765. (**B**) Luciferase experiment confirmed the interaction between PDX1 and miR-765. (**C**) Effect of ectopic expression of miR-765 on mRNA expression of PDX1. (**D**) PDX1 mRNA expression in ESCC and matched adjacent nontumor tissues. (**E**) The correlation between PDX1 and miR-765 was analysed by Spearman correlation analysis. Compared with control mimic group, \*\* *P*\<0.01; Compared with matched adjacent nontumor tissues, ^ΔΔ^ P\<0.01.**Abbreviations:** ESCC, esophageal squamous cell carcinoma; PDX1, pancreatic and duodenal homeobox 1; UTR, untranslated region.

MAFG-AS1 Modulates Cell Migration, Invasion and Glycolysis via miR-765 and PDX1 in ESCC Cells {#s0003-s2007}
---------------------------------------------------------------------------------------------

To explore the roles of miR-765 and PDX1 in MAFG-AS1 knockdown modulating cell migration, invasion and glycolysis, rescue assays were carried out by down-modulating miR-765 or up-modulating PDX1 expression in EC109 cells with MAFG-AS1 knockdown. Transwell assays with or without Matrigel showed that the cell invasive and migrative abilities were significantly hampered by MAFG-AS1 knockdown, and then it was partially reversed after transfection with miR-765 inhibitor or p-PDX1 ([Figure 3A](#f0003){ref-type="fig"}-[C](#f0003){ref-type="fig"}). Meanwhile, the glucose uptake, lactate production and LDHA and GLUT1 expression were significantly hampered by MAFG-AS1 knockdown, and then it was partially reversed after transfection with miR-765 inhibitor or p-PDX1 ([Figure 3D](#f0003){ref-type="fig"}-[F](#f0003){ref-type="fig"}). Thus, the above results showed that miR-765 inhibition or PDX1 overexpression could partially reverse the inhibitory effects of MAFG-AS1 knockdown on cell migration, invasion and glycolysis in EC109 cells.

Moreover, to explore the role of miR-765 and PDX1 in MAFG-AS1 overexpression modulating cell migration, invasion and glycolysis, rescue assays were further carried out by up-modulating miR-765 or down-modulating PDX1 expression in EC9706 cells with MAFG-AS1 overexpression. Transwell assays with or without Matrigel showed that the cell invasive and migrative abilities were significantly facilitated by MAFG-AS1 overexpression, and then it was partially reversed after transfection with miR-765 mimic or si-PDX1 ([Figure 4A](#f0004){ref-type="fig"}-[C](#f0004){ref-type="fig"}). Meanwhile, the glucose uptake, lactate production and LDHA and GLUT1 expression were significantly facilitated by MAFG-AS1 overexpression, and then it was partially reversed after transfection with miR-765 mimic or si-PDX1 ([Figure 4D](#f0004){ref-type="fig"}-[F](#f0004){ref-type="fig"}). Thus, the above results showed that miR-765 overexpression or PDX1 knockdown could partially reverse the promotive effects of MAFG-AS1 overexpression on cell migration, invasion and glycolysis in EC9706 cells. Overall, these above findings suggested MAFG-AS1 might modulate the malignant behaviors of ESCC cells via miR-765/PDX1 axis.

Discussion {#s0004}
==========

Currently, the regulatory roles and mechanisms of lncRNAs in ESCC are becoming more deeply understood.[@cit0003] As reported, some lncRNAs function as molecular sponges to sequester target miRNAs and modulate their function during ESCC progression.[@cit0003],[@cit0019] LncRNA MAFG-AS1 has been reported to play an oncogenic role in some tumors. For instance, MAFG-AS1 was highly expressed in gastric cancer (GC) tissues and cell lines, and knockdown of MAFG-AS1 restrained GC cell proliferation, migration, and invasion.[@cit0020] Similarly, MAFG-AS1 expression was up-modulated in lung adenocarcinoma (LUAD) tissues, and high MAFG-AS1 expression was associated with poor prognosis of patients.[@cit0021] However, the specific role and mechanism behind MAFG-AS1 contributing to ESCC progression has not been elucidated. Thus, we performed clinical sample tests and loss-of-function experiments to investigate the biological function of MAFG-AS1 in ESCC tissues and cells. Here, we found that MAFG-AS1 was highly expressed in ESCC tissues and cell lines ([Figure 1A](#f0001){ref-type="fig"} and [B](#f0001){ref-type="fig"}), high expression of MAFG-AS1 was predictive of a poor overall survival in ESCC patients ([Figure 1C](#f0001){ref-type="fig"}). Knockdown of MAFG-AS1 restrained ESCC cell proliferation ([Figure 2A](#f0002){ref-type="fig"},[C](#f0002){ref-type="fig"}), migration and invasion ([Figure 3A](#f0003){ref-type="fig"}-[C](#f0003){ref-type="fig"}), and meanwhile overexpression of MAFG-AS1 accelerated ESCC cell proliferation ([Figure 2B](#f0002){ref-type="fig"} and [D](#f0002){ref-type="fig"}), migration and invasion ([Figure 4A](#f0004){ref-type="fig"}-[C](#f0004){ref-type="fig"}), suggesting MAFG-AS1 may play a tumor-promotive role in ESCC by modulating the malignant biological behavior.

Furthermore, not only tumor cell growth, but also tumor metastasis were accelerated via aerobic glycolysis.[@cit0022] Lactate produced via glycolysis facilitates cell motility, and the enhanced expression of lactate in tumor tissues strongly suggests the occurrence of tumor metastasis.[@cit0023] In this study, we found that MAFG-AS1 not only modulated ESCC cell proliferation, migration and invasion, but also affected ESCC aerobic glycolysis by negatively regulating GLUT1 and LDH-A ([Figures 3](#f0003){ref-type="fig"} and [4](#f0004){ref-type="fig"}), implying that the acquisition of metastatic potential of ESCC induced by MAFG-AS1 might benefit from glucose metabolism. Thus, we supposed that MAFG-AS1 could facilitate the malignant biological behavior of ESCC via modulating aerobic glycolysis. Several previous studies have demonstrated that lncRNAs-miRNAs network could possibly be involved in Warburg effect in some tumors.[@cit0024],[@cit0025] Interestingly, our current bioinformatics analysis demonstrated that miR-765 may be a potential target of MAFG-AS1 ([Table 2](#t0002){ref-type="table"}, [Figure 5A](#f0005){ref-type="fig"}). Here, the current clinical sample tests demonstrated that miR-765 was determined to be significantly down-modulated in ESCC tissues ([Figure 5E](#f0005){ref-type="fig"}), and miR-765 expression was found to be inversely correlated with MAFG-AS1 in ESCC tissues ([Figure 5F](#f0005){ref-type="fig"}). Further, the current loss-of-function and rescue experiments demonstrated that MAFG-AS1 knockdown elevated miR-765 expression ([Figure 5D](#f0005){ref-type="fig"}), and miR-765 contribute to the partial effects of MAFG-AS1 on cell migration, invasion and glycolysis ([Figures 3](#f0003){ref-type="fig"} and [4](#f0004){ref-type="fig"}). Therefore, we deduced that MAFG-AS1 may accelerate cell migration, invasion and glycolysis of ESCC cells via negatively modulating miR-765. However, other mechanisms may also exist, and more further studies are still needed.

The function of miRNAs is realized via modulating the expression of their target genes.[@cit0026] So in this study, we conducted the bioinformatics analysis, and suggested that *PDX1* may be one of the potential downstream targets of miR-765 ([Table 3](#t0003){ref-type="table"}, [Figure 6A](#f0006){ref-type="fig"}). As a transcription factor, PDX1 changes its role from tumor suppressor to tumor promoter during the process of pancreatic tumorigenicity,[@cit0027] and PDX1 was found to be frequently expressed in colorectal serrated adenocarcinoma.[@cit0028] Herein, clinical sample tests demonstrated that PDX1 was identified to be significantly up-modulated in ESCC tissues ([Figure 6D](#f0006){ref-type="fig"}), and there was a significant negative correlation between miR-765 and PDX1 expressions in tumor tissue samples ([Figure 6E](#f0006){ref-type="fig"}). Further, gain-of-function experiments demonstrated and rescue experiments that ectopic expression of miR-765 restrained PDX1 expression in ESCC cells ([Figures 3](#f0003){ref-type="fig"},[4](#f0004){ref-type="fig"},[6C](#f0006){ref-type="fig"}). The above results suggested miR-765 may function as a tumor suppressor of ESCC cells via negatively modulating PDX1.

A previous study has indicated that FAM83H-AS1 could serve as a competing endogenous RNA (ceRNA) for miR-136-5p to mediate triple-negative breast cancer progression.[@cit0029] Here, our current bioinformatics analyses predicated potential binding sites in MAFG-AS1 and miR-765 ([Figure 5A](#f0005){ref-type="fig"}), as well as miR-765 and PDX1 3′UTR ([Figure 6A](#f0006){ref-type="fig"}), suggesting the possibility that MAFG-AS1 functions as a molecular sponge for miR-765 to modulate the expression level of PDX1. Thus, we supposed that MAFG-AS1 may function as a ceRNA for miR-765 to modulate PDX1 expression during ESCC progression. To address this point, we conducted experiments to demonstrate our hypothesis. Herein, RNA pull-down and luciferase reporter assay indicated that MAFG-AS1 covalently targeted miR-765 ([Figure 5B](#f0005){ref-type="fig"} and [C](#f0005){ref-type="fig"}), and miR-765 covalently targeted PDX1 3′UTR ([Figure 6B](#f0006){ref-type="fig"}). Next, MAFG-AS1 expression was found to be inversely correlated with miR-765 in ESCC tissues ([Figure 5F](#f0005){ref-type="fig"}), while miR-765 expression was found to be inversely correlated with PDX1 in ESCC tissues ([Figure 6E](#f0006){ref-type="fig"}). And miR-765 and PDX1 contributed to the partial effects of MAFG-AS1 on cell migration, invasion and glycolysis ([Figures 3](#f0003){ref-type="fig"} and [4](#f0004){ref-type="fig"}), suggesting MAFG-AS1 may regulate the malignant behaviors of ESCC cells via miR-765/PDX1 axis. Taken together, our results indicated that MAFG-AS1 functions via a ceRNA mechanism via competing with endogenous miR-765, thus triggering PDX1 protein expression in ESCC ([Figure 7](#f0007){ref-type="fig"}).Figure 7Schematic model shows the results of the current study. MAFG-AS1, as a sponge of miR-765, specifically adsorbs miR-765 in the cytoplasm, then miR-765 is prevented from binding to PDX1 3ʹ-UTR, which cannot inhibit the transcription and translation of PDX1. It leads to increased expression of PDX1 and enhanced aerobic glycolysis of ESCC cells, which ultimately promotes ESCC invasion and metastasis. However, when the specific adsorption of MAFG-AS1 is lacking, miR-765 binds to PDX1 3ʹ-UTR, which inhibits the transcription and translation of PDX1, resulting in a decrease in PDX1 expression. Due to the lack of PDX1 promoting effect, aerobic glycolysis is weakened, and finally the invasion and metastasis are inhibited in ESCC cells.**Abbreviations:** MAFG-AS1, MAFG antisense 1; ESCC, esophageal squamous cell carcinoma; PDX1, pancreatic and duodenal homeobox 1; UTR, untranslated region.

Conclusions {#s0005}
===========

Our current study demonstrated that lncRNA MAFG-AS1 could facilitate the cell proliferation, invasion and aerobic glycolysis activities of ESCC cells via modulating the expression of PDX1 via miR-765, thus enhancing the malignant phenotype of ESCC. Our results suggest that MAFG-AS1/miR-765/PDX1 axis may be an effective target for ESCC. However, more specific molecular mechanisms and the effects of targeted diagnosis and treatment of ESCC need to be confirmed by more detailed molecular mechanism and animal experiments in the future.
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